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Summary
Objective: The purpose of the study was to investigate maturation-dependent changes of acoustic (ultrasound) stiffness and other ultrasound
features of articular cartilage in healthy rabbit knees.
Methods: Five groups of rabbits of various ages (3 weeks, 8 weeks, 6 months, 1 year, 2.5 years) consisting of ﬁve rabbits per group were
examined. Signal intensity (index of stiffness), signal duration (index of surface irregularity) and interval between signals (index of thickness)
of the ultrasound reﬂection from articular cartilage were examined at four sites: posterior lateral femoral condyle, posterior medial femoral con-
dyle, lateral tibial plateau, and medial tibial plateau. The sites were observed macroscopically and microscopically with a light microscope and
a polarized light microscope.
Results: At the lateral and medial condyles and the lateral tibial plateau, signal intensity was least in 3-week-old specimens. The intensity
increased until 6 months or 1 year of age. At these sites, the signal durations and intervals between signals were least at the ages of 6 months
or 1 year. At the medial tibial plateau, the intensity was the least at 2.5 years of age and the interval between signals was least at 3 weeks of
age; there was no effect of age on signal duration. Cartilage surfaces of all specimens were smooth and no degenerative changes were mac-
roscopically or microscopically evident. The surface brightness of cartilage under the polarized light microscope was consistent with signal
intensity values.
Conclusions: The response of articular cartilage to ultrasound was maturation-dependent. Acoustic properties differed from mechanical stiff-
ness properties, which were determined using indentation. Ultrasound may detect properties of the surface collagen of the articular cartilage.
ª 2006 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Maturation-dependent change of articular cartilage has
been reported in human and animal studies. Tensile stiff-
ness of cartilage changes during growth and aging1e3,
and compressive stiffness remains constant during ag-
ing4,5. Human knee cartilage becomes thinner during aging,
and the extent of thinning differs between compartments of
the knee joint6. Animal studies of normal cartilage have
demonstrated maturation-dependent differences in the in-
tracellular processes of articular cartilage, responses to in-
jury and mechanical stiffness using indentation tests7e9.
Studies using high-frequency pulse-echo ultrasound have
elucidated several features of articular cartilage. The ultra-
sound signal correlates strongly with the thickness of cartila-
ge10e13 and provides information about the integrity of
cartilage11,14e17 and the progression of osteoarthritis18e25.
Most of these studies have focused on degenerated articular
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2006.78cartilage. Although it is believed that osteoarthritis begins
with ﬁbrillation of superﬁcial cartilage and then progresses
to the deep zone of cartilage, the very early events that occur
on the surface of normal articular cartilage are unknown.
Ultrasound evaluation of rabbit knees has been used fre-
quently in recent years as a model for the study of articular
cartilage25e26. However, none of these ultrasound studies
have examined the maturation-dependent acoustic proper-
ties of cartilage. Therefore, the purpose of our study was
to investigate maturation-dependent changes in acoustic
stiffness and other ultrasound features of articular cartilage
in healthy rabbit knees. We hypothesized that response of
articular cartilage to ultrasound, and mechanical stiffness
using indentation, would be maturation-dependent.
Methods
ANIMALS
This investigation was approved by the Animal Research
Committee of Kyoto University Graduate School of Medi-
cine (approval number Med Kyo 04202). Twenty-ﬁve male
Japanese white rabbits (Japan Animals Co. Ltd., Osaka,
Japan) were used. Five groups of rabbits of various ages
(3 weeks, 8 weeks, 6 months, 1 year, 2.5 years) consisting
of ﬁve rabbits per group were examined. The animals were4
785Osteoarthritis and Cartilage Vol. 14, No. 8maintained at the Institute of Laboratory Animals, Graduate
School of Medicine, Kyoto University, for 1 week before the
start of the experiments. They were housed, one per cage,
in a room maintained at 22(C and 50% humidity with a 14-
h/10-h light/dark cycle, and were offered ad libitum access
to food and water.
MEASUREMENT USING ULTRASOUND
The rabbits were euthanized by intravenous injection of
a lethal dose of sodium pentobarbital. Knee specimens
were removed from both legs of each rabbit, assessed mac-
roscopically and with an ultrasonic system, and were then
evaluated histologically.
Our ultrasonic system (Fig. 1), which has been de-
scribed previously21,25,27, is a quantitative method for as-
sessing tissue properties. When cartilage is examinedusing this system, two large-amplitude groups of reﬂected
ultrasound waves are observed. One group originates from
the cartilage surface and the other originates from the sub-
chondral bone. The intensity and duration of signals from
the ﬁrst-amplitude groups of reﬂected ultrasound waves
from the cartilage surface are regarded as indices of car-
tilage stiffness and surface irregularity, respectively. The
time interval between the ﬁrst- and second-amplitude
groups (interval between signals) is regarded as an index
of thickness.
Each specimen was examined at four different sites
(Fig. 2): posterior lateral femoral condyle, posterior medial
femoral condyle, lateral tibial plateau, and medial tibial pla-
teau. Measurements were made at three points at each site
(center, 0.25 mm above center, 0.25 mm below center).
Data from the three points were averaged and analyzed
statistically.Saline
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Fig. 1. (A) The ultrasonic measurement system used consisted of a transducer, a pulser/receiver (a), a digital oscilloscope (b) and a personal
computer (c). The system can be used with arthroscopy (d, e), open surgery (f) or a saline bath (g) for experimental measurement. The ul-
trasonic wave output from the transducer travels through the saline. The reﬂected waves return to the transducer and generate electrical sig-
nals that are proportional to their intensity. (B) Typical ultrasonic echo (lower) and wavelet map (upper). The wavelet map was calculated from
the ultrasonic echo using a wavelet transform. The ﬁrst (left) of the two large-amplitude groups was the echo (t¼ 2.0 ms; Group N) reﬂected
from the cartilage surface and the second (t¼ 3.9 ms; Group K) was reﬂected from the subchondral bone (right). The signal intensity (maximum
magnitude, as shown by the scale) of Group N represents cartilage stiffness. The time interval between Groups N and K represents the car-
tilage thickness. The signal duration of Group N represents the surface irregularity of the cartilage.
786 H. Kuroki et al.: Acoustic stiffness of rabbit articular cartilageFig. 2. The four site. A: lateral femoral condyle (posterior), B: medial femoral condyle (posterior), C: lateral tibial plateau, D: medial tibial
plateau.MACROSCOPIC AND HISTOLOGICAL OBSERVATION
All specimens were ﬁrstly observed macroscopically to
determine whether the cartilage surface was smooth and
whether cartilage ﬁbrillation or degenerative change had oc-
curred. The ultrasound measurements were then carried
out. Specimens were then ﬁnally prepared for histological
observation. The specimens were ﬁxed in 10% neutral buff-
ered formalin for 7 days, decalciﬁed with 0.25 mol/L EDTA
(ethylenediamine tetraacetic acid) in phosphate-buffered
saline (pH 7.4), dehydrated in a graded ethanol series,
and embedded in parafﬁn wax. Sagittal sections (6 mm
thick) were then cut, stained with safranin-O/fast green,
and hematoxylin and eosin, and examined microscopically.
All sections of the four sites were examined with a light
microscope and a polarized light microscope.
STATISTICAL ANALYSIS
The data of the three ultrasound variables were analyzed
usingparametricANOVAfor repeatedmeasures (comparisonsbetween sites within the ﬁve maturation groups), and
ANOVA and the post hoc Scheffe F test (comparisons
between sites and maturation stages).
Results
SIGNAL INTENSITY (AN INDEX OF STIFFNESS)
Maturation-dependent features
Signal intensity at the lateral femoral condyle was least
in 3-week-old specimens [Fig. 3(A)]. The intensity in-
creased until 1 year of age and then decreased at the
age of 2.5 years [Fig. 3(A)]. At the medial femoral condyle,
the intensity increased until 6 months of age and then de-
creased, but the decrease was not statistically signiﬁcant
[Fig. 3(B)]. The intensity at the lateral tibial plateau in-
creased until 6 months of age and did not decrease there-
after [Fig. 3(C)]. The intensity at the medial tibial plateau
decreased from 1 year of age to 2.5 years of age
[Fig. 3(D)].A
3-W 8-W 6-M 1-Y 2.5-Y
sig
na
l i
nt
en
sit
y
(re
lat
ive
 va
lue
, u
nit
les
s) 7
6
5
4
3
2
1
0
B
1-Y3-W 8-W 6-M 2.5-Y
sig
na
l i
nt
en
sit
y
(re
lat
ive
 va
lue
, u
nit
les
s) 7
6
5
4
3
2
1
0
D
1-Y3-W 8-W 6-M 2.5-Y
sig
na
l i
nt
en
sit
y
(re
lat
ive
 va
lue
, u
nit
les
s) 7
6
5
4
3
2
1
0
C
1-Y3-W 8-W 6-M 2.5-Y
sig
na
l i
nt
en
sit
y
(re
lat
ive
 va
lue
, u
nit
les
s) 7
6
5
4
3
2
1
0
Fig. 3. Signal intensity. A: lateral femoral condyle (posterior) (mean and SD), B: medial femoral condyle (posterior), C: lateral tibial plateau,
D: medial tibial plateau.
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In 3-week-old specimens, signal intensity at the lateral
tibial plateau was greater (stiffer) than that at the lateral fem-
oral condyle. The intensity at the medial tibial plateau was
also greater than that at the medial femoral condyle. In
specimens aged 2.5 years, the intensity at the lateral tibial
plateau was greater than that at the lateral and medial fem-
oral condyles and the medial tibial plateau.
SIGNAL DURATION (AN INDEX OF SURFACE IRREGULARITY)
Maturation-dependent features
Signal duration at the lateral condyle was short in animals
aged 6 months, 1 year and 2.5 years [Fig. 4(A)]; at the me-
dial condyle, it was short in animals aged 6 months and 1
year [Fig. 4(B)]. The duration at the lateral tibial plateau
was short in 1-year-old animals [Fig. 4(C)]; no differences
between groups were observed for the medial tibial plateau
[Fig. 4(D)].
Site-specific features (Table I)
No site-speciﬁc features were observed for signal dura-
tion in animals aged 3 or 8 weeks. In animals aged 6
months, 1 year and 2.5 years, the signal duration of the
medial tibial plateau was longer (more irregular).
INTERVAL BETWEEN SIGNALS (AN INDEX OF THICKNESS)
Maturation-dependent features
Interval between signals at the lateral femoral condyle
[Fig. 5(A)], the medial femoral condyle [Fig. 5(B)] and the
lateral tibial plateau [Fig. 5(C)] was longer (thicker) in
3-week-old specimens than in those aged 8 weeks, 6 months,
1 year or 2.5 years. The interval at the medial tibial plateau[Fig. 5(D)] was longer at 2.5 years of age than at the ages of
3 weeks, 8 weeks, 6 months and 1 year.
Site-specific features (Table I)
In 3-week-old specimens, the interval between signals at
the lateral femoral condyle was longer than that at the lat-
eral tibial plateau. The interval at the medial femoral con-
dyle was also longer than that at the medial tibial plateau.
In animals aged 8 weeks, 6 months or 1 year, the signal in-
terval differed signiﬁcantly between the medial tibial plateau
and the medial femoral condyle and between the medial
and lateral tibial plateaus. In animals aged 1 or 2.5 years,
the interval at the medial tibial plateau was longer than
that at the lateral tibial plateau.
MACROSCOPIC AND HISTOLOGICAL OBSERVATION (FIG. 6)
Under macroscopic observation, the cartilage surfaces of
all specimens appeared smooth and regular, and no degen-
erative changes such as surface ﬁbrillation were observed.
Under histological observation, cartilage surface appeared
very smooth. There was no evidence of ﬁne ﬁbrillation
(Fig. 6). The cartilage in animals aged 2.5 years was less
intensely stained with safranin-O.
Discussion
Under laboratory conditions, indentation tests are per-
formed routinely to evaluate cartilage stiffness28e31. How-
ever, these tests are not suitable for application under
practical conditions because of the long duration of the
test and large size of the test apparatus. Consequently,
new systems such as ultrasound have been developed to
evaluate cartilage stiffness11,12,21,23,24,32.
Using ultrasound, several researchers have demon-
strated a relationship between acoustic properties andTable I
Signal intensity, signal duration and interval between signals at different sites of rabbit knee joint
LC (n¼ 10) MC (n¼ 10) LT (n¼ 10) MT (n¼ 10)
Signal intensity
(relative value, unitless)
3-W 0.9 0.18a,b 1.3 0.46c 1.8 0.58 2.1 0.67
8-W A1.9 0.29 E2.7 0.37 2.9 1.16 2.8 1.20
6-M B,C3.1 0.95d A3.5 1.27 B,F4.8 1.32c 2.9 0.53
1-Y B,C3.5 0.42 B3.1 1.00d B,F4.6 0.90 3.5 1.32
2.5-Y B,D2.4 0.57e 2.5 0.85e B4.4 1.45 D1.7 0.86e
Signal duration (microsecond)
3-W 0.43 0.068 0.41 0.028 0.49 0.082 0.46 0.048
8-W 0.42 0.019 0.41 0.023 0.39 0.114 0.45 0.028
6-M A0.33 0.063b G0.37 0.041b 0.36 0.079b 0.52 0.097
1-Y B,C0.31 0.034b,f G0.37 0.050b E0.35 0.027b 0.47 0.041
2.5-Y E0.35 0.036c 0.46 0.044 0.42 0.141 0.51 0.096
Interval between
signals (microsecond)
3-W 1.55 0.450a,b 1.42 0.454b,d 0.88 0.376 0.51 0.135
8-W B0.46 0.068b,e B0.45 0.092a,b B0.27 0.054b H0.72 0.144
6-M B0.22 0.070b B0.31 0.065b B0.29 0.129b H0.74 0.265
1-Y B0.22 0.048b,g B0.39 0.148b B0.26 0.062b H0.76 0.173
2.5-Y B0.30 0.050b,h B0.58 0.105a,b B0.32 0.137b B1.07 0.194
LC: femoral lateral condyle (posterior), MC: femoral medial condyle (posterior), LT: lateral tibial plateau, MT: medial tibial plateau,
a: P< 0.01 to LT, b: P< 0.001 to MT, c: P< 0.01 to MT, d: P< 0.05 to LT, e: P< 0.001 to LT, f: P< 0.01 to MC, g: P< 0.05 to MC,
h: P< 0.001 to MC, A: P< 0.01 to 3-W, B: P< 0.001 to 3-W, C: P< 0.001 to 8-W, D: P< 0.01 to 1-Y, E: P< 0.05 to 3-W, F: P< 0.05 to
8-W, G: P< 0.001 to 2.5-Y, H: P< 0.01 to 2.5-Y.
788 H. Kuroki et al.: Acoustic stiffness of rabbit articular cartilageB
sig
na
l d
ur
at
io
n 
(m
icr
os
ec
on
d)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
3-W 8-W 6-M 1-Y 2.5-Y
D
sig
na
l d
ur
at
io
n 
(m
icr
os
ec
on
d)
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
3-W 8-W 6-M 1-Y 2.5-Y
A
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
3-W 8-W 6-M 1-Y 2.5-Ys
ig
na
l d
ur
at
io
n 
(m
icr
os
ec
on
d)
C
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
3-W 8-W 6-M 1-Y 2.5-Ys
ig
na
l d
ur
at
io
n 
(m
icr
os
ec
on
d)
Fig. 4. Signal duration. A: lateral femoral condyle (posterior) (mean and SD), B: medial femoral condyle (posterior), C: lateral tibial plateau,
D: medial tibial plateau.matrix degeneration of cartilage samples in vitro. In en-
zyme-induced cartilage degeneration, ultrasound provided
high-resolution images of the cartilage20. Ultrasound was
able to predict the microstructure of regenerated cartilage25
and facilitated evaluation of tissue-engineered cartilage33.
Ultrasound evaluation can thus provide valuable informa-
tion concerning structural and material abnormalities in
articular cartilage. In our study, the ultrasound provided
information about signal intensity (an index of stiffness of ar-
ticular cartilage) and about signal duration (an index of sur-
face irregularity) and the interval between signals (an index
of thickness). These three indices can be obtained simulta-
neously within a very short interval (less than 0.5 s).
Our results for signal intensity differed from those of two
indentation studies7,8. One reported that cartilage of 10-
week-old rabbits was stiffer than that of 18- or 31-week-oldrabbits7, indicating that the mechanical stiffness of rabbit
cartilage decreases with aging. The other showed that rab-
bit tibial cartilage was softer than femoral cartilage and that
cartilage in the medial components of the femoral condyle
and tibial plateau was stiffer than that in the lateral compo-
nents8. However, in our study, the signal intensity at the lat-
eral condyle, medial condyle and lateral tibial plateau was
least in animals aged 3 or 8 weeks, and peak intensity oc-
curred at 6 months or 1 year of age (Fig. 3), indicating
that stiffness increased with aging up to the skeletally-
matured (6 months) or adult (1 year) stages. These discrep-
ancies between studies may be because ultrasound pro-
vides information on surface collagen34,35 rather than on
proteoglycan.
When evaluated using indentation tests, the compressive
properties of cartilage depend mainly on the content ofA B
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Fig. 5. Interval between signals. A: lateral femoral condyle (posterior) (mean and SD), B: medial femoral condyle (posterior), C: lateral tibial
plateau, D: medial tibial plateau.
789Osteoarthritis and Cartilage Vol. 14, No. 8Fig. 6. Photos of a medial femoral condyle taken with a polarized light microscope (left) or a light microscope (middle and right). A: 3 weeks of
age, B: 8 weeks of age, C: 6 months of age, D: 1 year of age, E: 2.5 years of age. White bar: 200 mm. Black bar: 1000 mm. Note the com-
parisons between surface brightness (left) and ultrasound signal intensity [Fig. 3(B)], surface irregularity (middle) and signal duration (Table I),
thickness (right) of cartilage and interval between signals [Fig. 5(B)]. The cartilage surface of 6-month-old animals (C, left), in which signal
intensity increased [Fig. 3(B)], has a bright appearance. Cartilage surfaces were very smooth in all specimens, and no ﬁne ﬁbrillations
were observed. The cartilage of animals aged 3 weeks (A, right) was thicker than that of the other groups. The cartilage of animals aged
2.5 years (E, middle and right) was less intensely stained with safranin-O than that of the other groups.water and proteoglycan36,37. Mechanical properties of the
cartilage (mechanical stiffness) are believed to reﬂect the
interaction between proteoglycan and collagen38. Two stud-
ies have reported that high-frequency pulse-echo ultra-
sound is sensitive for detecting degeneration of the
superﬁcial collagen-rich cartilage zone20 and that the ultra-
sound detects microstructural changes up to a depth of
500 mm33. Ultrasound measurements also appear to be
related to changes in the extracellular matrix collagen and
ﬁbrillar network organization22. Therefore, our ultrasound
analysis was considered to detect changes in surfacecollagen and the intensity was considered to provide the in-
formation on surface stiffness of articular cartilage.
Two ﬁndings of our study are of particular signiﬁcance.
The ﬁrst concerns the maturation-dependent change of
the index. At both femoral condyles and the lateral tibial pla-
teau, the index was the least in infant (3-week-old) animals
and low in young (8-week-old) animals, but reached a peak
or subpeak value in skeletally mature (6-month-old) animals
[Fig. 3(A, B and C)]. It was reported that a thick superﬁcial
zone with a high degree of ﬁbril parallelism can resist me-
chanical stress and shear better than a thin superﬁcial
790 H. Kuroki et al.: Acoustic stiffness of rabbit articular cartilagezone with a smaller proportion of tangentially oriented colla-
gen ﬁbrils39 and that an intact surface is extremely impor-
tant to prevent degeneration of tissue40. Therefore, our
ﬁndings indicate that surface collagen characteristics de-
tected by ultrasound are related to maturation and that the
ability of articular cartilage to resist mechanical stress may
be insufﬁcient before maturation at these sites. After matu-
ration (6 months or 1 year), the index at the lateral condyle
and medial tibial plateau decreased between the ages of
1 year and 2.5 years [Fig. 3(A and D)]. Therefore, the sur-
face collagen of elderly animals may be damaged again
at these sites.
The second ﬁnding of note concerns site-speciﬁc differ-
ence in the index of stiffness. In 3-week-old animals, the in-
dices at the lateral condyle and medial condyle were lower
than those at the lateral and medial tibial plateaus, respec-
tively, and no difference was observed in animals aged 8
weeks (Table I). At the ages of 6 months, 1 year and 2.5
years, the index for the lateral tibial plateau was higher
than those for the other sites (Table I). These results indi-
cate that surface collagen and the ability to resist mechan-
ical stress may differ between the four sites, especially in
infant (3-week-old) and elderly (2.5-year-old) animals, and
that differences between elderly animals are initiated at
the maturation stage (6 months of age). After the maturation
stage, the lateral tibial cartilage may maintain surface colla-
gen and may be able to resist mechanical stress more than
other three sites. Therefore, we should take into account the
maturation-dependent changes and site-speciﬁc differ-
ences that occur in the surfaces of normal articular carti-
lages. In addition, maturation stages of animals and the
sites within the knee should be taken into consideration
when acoustic studies are planned.
The polarized light microscope technique was used to
conﬁrm whether the ultrasound evaluation provided infor-
mation about surface collagen. The polarized light micro-
scope is a quantitative technique for analyzing the
organization and quantity of collagen ﬁbrils in articular car-
tilage41. With this technique, in which collagen-rich zones
appear bright, collagenase-induced degradation of cartilage
reduces the brightness of the cartilage surface42. In our
study, the surface brightness of the medial femoral condyle
was highest in animals aged 6 months and high in those
aged 1 year [Fig. 6(C and D, left)] and corresponded well
with signal intensity values for the same age animals
[Fig. 3(B)]. Therefore, we suggest that ultrasound analysis
can detect maturation-dependent changes in surface
collagen.
Macroscopic and histological observations revealed that
the surfaces of articular cartilages of all of the specimens
were smooth. There was no histological evidence of early-
stage osteoarthritis, i.e., ﬁne ﬁbrillation was absent from
the surfaces (Fig. 6). However, there were signiﬁcant differ-
ences in the index of surface irregularity between skeletally
mature (6-month-old), adult (1-year-old) and elderly (2.5-
year-old) animals (Table I). A study reported that the index
correlated with the surface roughness of acrylic boards21.
Therefore, the index might be sensitive enough to detect
the surface condition of normal.
High-frequency ultrasound is an accurate and reproduc-
ible technique for determining the subsurface characteris-
tics and thickness of articular cartilage18. A study
conducted using adult rabbits reported that cartilage of fem-
oral condyles and tibial plateaus is thicker in the medial
components than in the lateral components8. In our study,
cartilage of the medial femoral condyle was also thicker
than that of lateral condyle in adult (1-year-old) and elderly(2.5-year-old) animals. However, there were no differences
in cartilage thickness between the lateral and medial con-
dyles in infant (3-week-old), young (8-week-old) and skele-
tally mature (6-month-old) animals (Table I). Although the
thickness of the cartilage of the medial tibial plateau did
not differ from that of the lateral tibial plateau in animals
aged 3 weeks, cartilage of the medial tibial plateau was
thicker than that of lateral tibial plateau in animals aged 8
weeks, 6 months, 1 year and 2.5 years (Table I). Therefore,
the ﬁndings for the medial components of adult and elderly
rabbits differ from those of rabbits of early stage of
maturation.
In the lateral component, tibial cartilage in animals aged 3
and 8 weeks was thinner than femoral cartilage, but the car-
tilage thickness of the lateral tibial plateau did not differ from
that of lateral condyle in animals aged 6 months, 1 year and
2.5 years. In the medial component, tibial cartilage was thin-
ner than femoral cartilage in 3-week-old animals, but tibial
cartilage was thicker than femoral cartilage in rabbits aged
8 weeks, 6 months, 1 year or 2.5 years. These results indi-
cate that maturation of cartilage thickness in the femoral
condyle differs from that in the tibial plateau.
Several studies showed that matrix degeneration and loss
of proteoglycan decreases the speed of sound12,19,22,43.
These studies may imply that ﬂuctuation in speed of sound
in normal and degenerative cartilage cannot be ignored.
However, we found no histological evidence of cartilage
degeneration in any of the specimens. Also, a previous study
concluded that an error due to the ﬂuctuation in speed of
sound in the degenerative cartilage is acceptable for
clinical ultrasound measurements44. Therefore, the interval
between signals may be utilized for prediction of cartilage
thickness not only in normal cartilagebut also in degenerative
cartilage.
In conclusion, we hypothesize that the response of artic-
ular cartilage to ultrasound is maturation-dependent and
that the maturation-dependent change of acoustic proper-
ties is identical to that determined for mechanical stiffness
using indentation. However, the ultrasound index for stiff-
ness differed from that determined using indentation, possi-
bly ultrasound detects surface collagen. Because of
maturation-dependent changes and site-speciﬁc differ-
ences in the index, age and site should be considered
when using ultrasound.
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